Shallow groundwater samples (filtered at 0.2 µm) collected from a catchment in Western France 27 (Petit Hermitage catchment) were analyzed for their major-and trace-element concentrations (Fe, 28 Mn, V, Th and U) as well as their dissolved organic carbon (DOC) concentrations, with the aim 29 to investigate the controlling factors of vanadium (V) distribution. Two spatially distinct water 30 types were previously recognized in this catchment based on variations of the rare earth element 31 (REE) concentrations. These include: (i) DOC-poor groundwater flowing below the hillslope 32 domains; this type has low V contents; and (ii) DOC-rich groundwater originating from 33 wetlands, close to the river network; the latter water type displays much higher V concentrations. 34
samples. Speciation modelling showed approximately the same partitioning feature of these 48 elements as compared to ultrafiltration data, namely: a slight change of the V speciation in 49 groundwaters along the studied topographic sequence. 50
This implies that vanadium in hillslope groundwater wells occurs as a mixing of organic and 51 the nature of the weathering process. Shiller and Boyle (1987) presented an overview of the 78 behaviour of dissolved V in rivers and estuaries. Shiller and Boyle (1987) and Shiller and Mao 79 (2000) concluded that weathering rate and type of source rock, rather than solution chemistry or 80 anthropogenic influences, appeared to be the important controlling factors on fluvial dissolved V 81 concentrations. 82
Vanadium has several oxidation forms between -1 and +5. Vanadium(II) is particularly 83 unstable in the environment (Wehrli and Stumm, 1989) . Vanadium(III) is more stable than V(II), 84 but it is also gradually oxidized by the air or dissolved oxygen. Vanadium(V) is expected to be 85 the prevailing form in waters exposed to atmospheric oxygen, whereas V(IV) may be present in 86 reducing environments. The oxidation rate of V(IV) to V(V) and the equilibrium between these 87 two species in aqueous solution depend on several factors, such as pH, V concentration, redox 88 potential, the ionic strength of the aqueous system and biological activity (e.g., Wang )) is 93 much lower than the cations; however, VO 2+ solubility may be greatly increased through 94 complexation with organic matter (Lu et al., 1998; Szalay and Szilagyi, 1967) . While V(IV) is 95 not thermodynamically stable at pH > 7, complexation by various organic and inorganic species 96 may considerably increase its stability (Wanty and Goldhaber, 1992). Eventually, the V(V) 97 oxidation state ion is more toxic than the V(IV) ion (Hope, 1997; Hope, 2008) . 98 A recent study on the geochemistry of V has emphasized the redox features of this 99 element (Wright and Belitz, 2010), which makes it more soluble in oxidizing waters than in 100 reducing waters (Wehrli and Stumm, 1989 ). As a consequence, fluvial dissolved V 101 concentrations might be an indicator of inputs from reducing sources within river drainage 102 systems (Shiller, 1997; Sugiyama, 1989) . Additionally, this difference in solubility appears to be 103 an important contributing factor to the enrichment of V in organic-rich reducing sediments (Breit 104 and Wanty, 1991) . Other studies have investigated V geochemistry as a potential 105 paleoceanographic tool. For example, Francois (1988) and Calvert and Pedersen (1993) 106 examined the V accumulation in sediments as an indicator of past reducing conditions in specific 107 oceanic regions. Hastings et al. (1996) have also evaluated the incorporation of V into biogenic 108 carbonate phases as a possible indicator of the past oceanic conditions. Seeking a better 109 understanding of the processes that result in V removal into organic-rich sediments, Emerson and 110 Huested (1991) assessed V distributions in oxygen-depleted present-day natural waters. They 111 found that dissolved V concentrations were generally lower in anoxic basins than in oxic 112 seawater, due to V removal into anoxic sediments. In addition to the study by Emerson and 113 Huested (1991), other authors (e.g., Szalay and Szilagyi, 1967) have suggested that organic 114 matter may play a role in modifying vanadium's redox behaviour through the reduction of V(V) 115 by humic acid and by the competition of organics with solid surfaces for V(IV). However, in 116 order to explain oceanic changes in terms of dissolved V, the processes majorly affecting the 117 oceanic sources of this element must also be understood (i.e., rivers, groundwaters). 118
This study reports temporal and spatial variations of V shallow groundwaters from wells located 119 along a transect set perpendicular to the topographic slope (hereafter denoted as toposequence) 120 set up in a small catchment in France. Ultrafiltration and speciation modelling of representative 121 samples of this toposequence, using the Windermere Humic Aqueous Model (WHAM) including 122 both Humic Ion-binding Model VI (Tipping, 1998) 
and the Surface Chemistry Assemblage 123
Model for Particles (SCAMP; Lofts and Tipping, 1998) , are also presented. Such modelling 124 permits the calculation of equilibrium chemical speciation for waters in which natural organic 125 matter plays a significant role. The catchment studied here was chosen as a suitable site for V 126 investigation because information in terms of hydrogeology, hydrochemical and trace elements 127 such as rare earth elements (REE) settings is already available (Clément et al., 2003; Gruau et al., 128 2004) . In this context, the main aims of this work are to address the respective influence of 129 humid weather throughout the year. Annual rainfall ranged between 850 and 900 mm during the 140 study period. The mean discharge of the stream is approximately 90 L s -1 . The stream 141 hydrological regime is characterized by low permanent flow during dry periods (i.e., late spring 142 and summer), and rapid and significant flood events during high water periods (i.e., late winter 143 and early spring). The upland-riparian boundary is characterized by a steep 2-3 m drop in 144 elevation from the surrounding fields into the riparian ecosystem ( Fig. 1) . The catchment drained 145 by the riparian wetland is mainly agricultural with crops and grass fields for cattle. At the time of 146 the study, the eastern part of the upslope was under perennial grassland mown for hay and grazed 147 by suckling cows and calves for only a few weeks per year. The western part of the upslope was 148 a crop field (maize/wheat) with intensive agricultural practices. Fertilizer application rates were 149 high, [N]³ 200 kg ha -1 year -1 , which resulted in high groundwater NO 3 --N concentrations ranging 150 from 10 to 20 mg L -1 (Clément et al., 2003; Gruau et al., 2004) . The geological substratum of the 151 catchment is granite in the upstream part (Villecartier Forest) and micaschist (Proterozoic schist) 152 in the downstream part where the study site is located. Compared to the deeper fresh rocks, the 153 upper 10-20 m have been weathered into a higher clay content. The wetland is filled with late 154
Phanerozoic clay-rich alluvium. 155 156 2.2 Sampling and field measurements 157
Wetland groundwater samples (F14 well) were recovered weekly from January 1999 to 158 June 1999 for the temporal and spatial variation study. Groundwater samples flowing below the 159 upland/wetland transition zone (F5 and F7 wells) were collected twice, in February 1998 and 160 January 1999, while the upland P11 well was sampled only once, in January 1999 ( Fig. 1 Ultrafiltration experiments were performed on two samples recovered from the F7 and 175 F14 wells using 15 mL centrifugal tubes (Millipore Amicon Ultra-15) equipped with permeable 176 membranes of decreasing pore sizes of 30 kDa, 10 kDa, and 5 kDa (1 Da = 1 g mol -1 for H) for 177 the separation of the colloidal bound elements. Metal-colloid complexes are retained by the 178 ultrafiltration membrane, whereas free ions and smaller chemical complexes pass into the 179 ultrafiltrate. The degree of metal-colloid complexation is usually determined from the metal 180 concentration in the ultrafiltrate relative to the original solution. Each centrifugal filter device 181 was washed and rinsed with HCl 0.1 mol L -1 and ultra-pure (MilliQ) water two times before use. 182
The starting filtrates were passed through a 0.2 µm filter, and then aliquots of these filtrates were 183 passed through membranes of smaller sizes. All ultrafiltrations of the 0.2 µm filtrates were done 184 in parallel. The centrifugations were performed using a Jouan G4.12 centrifuge equipped a with 185 swinging bucket rotor at about 3,000 g for 20 minutes for the 30 kDa and 10 kDa filters and 30 186 minutes for the 5 kDa filters, respectively. All experiments were carried out at room temperature 187 (~20  2°C). It is worth noting that the ultrafiltration procedure prevents the calculation of the mass 205 balance using the ratio between the filtrate and the retentate because the retentate volumes are 206 limited (0.2 mL). However, as the same material was used for all filtrations, molecular size 207 exclusion rather than adsorption onto membranes should control the colloid distributions between 208
ultrafiltrates. 209
In our study, all ultrafiltrations were performed in duplicate. A good repeatability was 210 observed for DOC and both major and trace element concentrations. The relative difference 211 between duplicates was generally < 5% for most elements except for some trace elements in the 212 lower pore size cut-off fraction (i.e., in the < 5 kDa fraction, about 10%). Further information on 213 the ultrafiltration procedure can be found in Pourret et al. (2007b) . The possible adsorption of 214 major and trace inorganic species onto the membrane or cell walls was also monitored. For this 215 purpose, inorganic multi-element standard solutions -whose concentrations were representative 216 of that of the studied groundwaters -were ultrafiltered several times (Pourret et al., 2007b) . 217
The results showed that between 92.99% (for Pb) and 99.99% (for Mg) of the major-and trace-218 elements present in solutions were recovered in the ultrafiltrates (96.13% for V), demonstrating 219 that neither the major nor trace elements were adsorbed onto the membranes or walls of the cell 220
devices. 221
In order to lessen the cross-contamination of any of the analytical steps (sampling, 222 filtration, storing and analysis), the samples were stored in acid-washed Nalgene polypropylene 223 containers before analyses. The blank levels were lower than 2% of the measured concentrations 224 for all studied elements, except for DOC (< 6%). Model VI, a discrete binding site model in which binding is modified by electrostatic 242 interactions, was described by Tipping (1998; 2002) . It is worth noting that there is an empirical 243 relationship between the net humic charge and an electrostatic interaction factor. The discrete 244 binding sites are represented by two types of sites (A and B) and within each site type, there are 245 four different sites present in equal amounts. The two types of sites are described by intrinsic 246 proton binding constants (pK A and pK B ) and spreads of the values (ΔpK A and ΔpK B ) within each 247 site type. There are n A (mol g -1 ) A-type sites (associated with carboxylic type groups) and n B = 248 n A /2 (mol g -1 ) B-type of sites (often associated with phenolic type groups). Metal binding occurs 249 at single proton binding sites or by bidentate complexation between pairs of sites depending on a 250 proximity factor that defines whether pairs of proton binding groups are close enough to form 251 bidentate sites. Type A and Type B sites have separate intrinsic binding constants (log K MA and 252 log K MB ), both of which are associated with a parameter, ΔLK 1 , defining the spread of values 253 around the medians. A further parameter, ΔLK 2 , takes into account a small number of stronger 254 sites. By considering results from many datasets, a universal average value of ΔLK 1 is obtained, 255 and a correlation is established between log K MB and log K MA (Tipping, 1998). Then, a single 256 adjustable parameter (log K MA ) is necessary to fully describe the metal binding. The generic 257 parameters for HA are presented in Table 1 . WHAM 6 databases were modified by including log 258 K MA for V(IV)O complexation with fulvic and humic acids (Tipping, 2002) and well-accepted, 259 infinite dilution (25°C) stability constants for V(IV)O inorganic complexes (Wanty and 260 Goldhaber, 1992 and references therein). 261
The SCAMP model (Lofts and Tipping, 1998) was also modified to include V species, as 262 well as Fe, Mn and Al oxides. Briefly, SCAMP describes the equilibrium adsorption of protons 263 and metals by natural particulate and colloidal matter using a combination of submodels for 264 individual binding phases. Interactions with natural organic matter are described with Model VI, 265 and adsorption by oxides with a surface complexation model that allows for site heterogeneity. 266
An idealized cation exchanger is also included. SCAMP uses published parameters for Model VI, 267 and the parameters for the oxide model are derived from published data for proton and metal 268 binding by oxides of Al, Si, Mn, and Fe(III) ( Table 2) is partitioned into several classes of individuals so as to maximize interclass inertia (i.e., to 276 maximize variability between groups) and minimize intraclass inertia (i.e., to maximize 277 homogeneity in each group). As for the factor analysis, the raw data matrix was introduced in the Table 3 ). Vanadium 300 concentrations are also very low (Table 3 ). The most striking feature is the increasing V 301 concentrations from upland to hillslope from 0.32 µg L -1 to 1.42 µg L -1 . This spatial variation is 302 followed by temporal variation from 0.35 µg L -1 to 0.78 µg L -1 and from 0.95 µg L -1 to 1.42 µg L -303 1 for the F5 and F7 wells, respectively. 304 305
Wetland groundwaters 306 307
The water samples of this group are restricted to wetland well F14 and have high to very 308 high DOC contents (ranging from 7.98 mg L -1 to 53.10 mg L -1 ), high REE, Th, U, Mn and Fe 309 concentrations, and low to very low NO 3 concentrations . Vanadium 310 concentrations are also high and the range of V concentrations (1.25 µg L -1 to 12.20 µg L -1 ) is 311 large with values considerably higher than those reported for average world rivers (0.76 µg L -1 ; 312 Johannesson et al., 2000) . 313
Systematic seasonal concentration changes are evidenced in these waters. As shown in 314 Le Home water table and in DOC-rich water, hillslope and wetland groundwater samples (i.e., F7 325 and F14 wells) were successively filtered through membranes of smaller pore size (i.e., 30 kDa, 326 10 kDa and 5 kDa; see Table 4 ). Vanadium concentrations decrease upon successive filtrations at 327 decreasing pore size (Figs. 5 and 6). These results illustrate differences with regards to the 328 colloidal and dissolved partitioning of V in these two samples. Two clusters corresponding to 329 common elemental distribution in the two samples were identified through the ascending 330 hierarchical classification ( Fig. 3 ), as following: 331 (i) cluster I: "truly" dissolved behaviour 332
Concentrations of Rb and alkaline metals such as Na and K are not affected by 333 ultrafiltrations since no fractionation -following the decreasing pore sizes or the DOC 334 concentrations -theoretically occurs. Alkaline elements behave as "truly" dissolved in the form 335 of inorganic species as often reported in the literature (e.g., Pokrovsky and Schott, 2002) . The 336 concentrations of major-and trace-alkaline metals (Ca, Mg, Rb, Sr and Ba) do not change 337 significantly during filtration. Silica concentrations display no significant variations in the 338 successive filtrates. This suggests that aqueous silica is not trapped by organic colloids and/or by 339 small-size clay minerals or phytolites. Cobalt, Ni, Cr, Mn, Zn concentrations do not exhibit large 340 variations through the different decreasing pore size cut-offs suggesting that these transition 341 metals have to be mostly present as "truly" dissolved species or small size inorganic complexes 342 (e.g., Gaillardet et al., 2003) . in the studied samples. The presence of high amounts of colloidal Fe in these rivers, which serves 363 as a potential V carrier, is likely to hide the different silicate vectors of V. The vanadium 364 concentration displays a positive relationship with the DOC concentration, suggesting that the 365 ability of V to form complexes with organic colloids remains constant over the molecular size 366 range of the available colloid materials. The decrease following the lowering of the DOC 367 concentrations suggests, on one hand, that for the uppermost sample, V is still carried by the 368 organic phase (low-and high-molecular weight), and on the other hand, the decrease of V 369 concentrations follows the same trend as that for Al. This suggests that V concentrations in such 370 groundwater are controlled by mixed DOC/Al-rich phases, regardless of the pore size cut-off. 371
Moreover, the large decrease of V concentrations following that of Fe between 0.2 µm and 30 372 kDa suggests, as earlier reported, that Fe-rich phases exert significant control on the speciation of 373 V at this cut-off. At lower filtration sizes, V concentrations tend to be the lowest concentrations 374 (0.15 µg L -1 ), suggesting that V is also carried by a mixed Al/DOC-rich phase (Fig. 5) . 375 376
Wetland groundwaters (F14) 377 378
Vanadium concentrations display a large drop between 0.2 µm and 30 kDa filtrations 379 ( Fig. 6) , which may imply that a significant fraction (about 55%) of V is carried by large-size 380 colloids. When looking at the lower cut-off data, the strong decrease in the first filtration step 381 implies that V is strongly bound to high-molecular weight organic material. The nearly constant 382 V concentration after the 30 kDa filtration implies that V behaves more independently of DOC 383 ( Fig. 6) . Moreover, the V concentration pattern is different than that of the more DOC-depleted 384 sample with far less variation regarding the Fe concentrations after 30 kDa filtration. This 385 suggests that V should be partly carried by a Fe-rich phase. In addition, Fe concentrations 386 strongly decrease with respect to the high molecular organic colloids (~80% in the > 30 kDa 387 fraction) similarly to V, hence implying that V could be carried by mixed Fe-C phases. 388 Furthermore, when comparing the behaviour of V with respect to Al and Fe with that in the 389 ultrafiltered DOC-depleted sample recovered from the hillslope (F7), we note that whereas V 390 concentrations after the 30 kDa filtration follow the same trend as the Al and Fe concentrations 391 in the wetland sample, V concentrations in the hillslope sample is mostly correlated with Al, but 392 to a lesser extent with Fe. This latter point suggests that Fe and Al behave differently with 393 regards to V in wetland and hillslope groundwater; low-molecular weight Fe compounds in the 394 hillslope groundwater probably transport less V. 395 Al, for calculating the V speciation of the studied samples (see Table 4 ). In WHAM 6.0 (Lofts 402 and Tipping, 1998), neither oxide precipitation nor redox reaction occur, so only complexation in 403 solution is modelled by our speciation calculation. The assumption that 50% of the DOM is 404 active as HM in our samples (Thurman, 1985) , of which 80% is present as HA and 20% as FA 405 (Viers et al., 1997), was chosen. More details on the "active" DOM parameter can be found in 406 Pourret et al. (2007a; 2010) . Aluminium colloids as well as Fe oxides were also considered 407 (Lofts and Tipping, 1998) . The speciation modelling results are displayed in Table 5 . 408
Consistently with the ultrafiltration results, speciation calculations show that organic V 409 species are the dominant species in the F7 groundwater (i.e., 47% complexed with HA and 47% 410 with FA). The remaining V is present as V(IV)O 2+ (6%) ( Table 5 ). In the F14 groundwater 411 sample, the inorganic proportion of V is lower (i.e., only 1%). Speciation calculations show that 412 organic V species are also the dominant species in the F14 groundwater (i.e., 58% complexed 413 with HA and 41% with FA) (Table 5) . Therefore, as with the ultrafiltration results, the speciation 414 modelling calculations illustrate a slight change of the V speciation in groundwaters along the Le 415
Home transect. Vanadium in the hillslope groundwaters wells occurs as a mixing of organic and 416 inorganic complexes, whereas V in the wetland groundwaters wells comprises mainly organic 417 species. It is worth to underline that the modelling calculation and ultrafiltration results both 418 conclude that the downhill decrease in inorganic complexation occurs in phase with a progressive 419 scavenging of the V by a colloidal organic pool. 420 Although the 5 kDa cut-off allows very small size colloids to remain in solution, the lack 452 of integration of adsorption processes onto inorganic species, as well as the coprecipitation of 453 inorganic species appear to be the major causes of divergence between ultrafiltration data and 454 speciation calculations for V. It is then important to be aware that this type of model does not 455 take into account any uptake of metals resulting from competitive reactions between Fe-rich and 456 DOC-rich colloids and that the occurrence of ternary surface complexes is thus not considered. 457
The studied samples are organic-rich groundwaters with an organic pool that seems to be 458 in excess with regards to the metals available for complexation. However, this kind of 459 competition (i.e., ternary surface complexes) is still difficult to interpret using only ultrafiltration (humates/oxyhydroxides/REE) on metal speciation. Thus, it appears necessary for speciation 465 models to take processes such as adsorption onto Mn and Fe oxyhydroxides into account -466 considering that the lack of such a reaction precludes any true speciation to be assessed -as the 467 competition between Fe and C-based colloidal carriers is required for constraining element 468 geochemical cycles or element fate in polluted environments. Apart from this, such a modelling 469 approach is not intrinsically incorrect (Zhu and Anderson, 2002); these values may well be the 470 best possible overall values even if they cannot be extrapolated to all applications. 471 These results led us to the assumption that, although not excluding a primary source of V in 501 silicate weathering, the V stock available in wetland soil solutions mostly results from surface 502 processes at organic matter/solution/hydrous oxide interfaces probably driven by acid-base and 503 redox reactions. Moreover, as also stressed by Pokrovsky and Schott (2002) who did not find any 504 relationships between V and Si in the Karelian rivers, no correlation was observed between 505 dissolved V and Si, irrespective of the pore size cut-off used for ultrafiltration (Tables 2 and 3) . 506
Hence, dissolved V behaves independently of dissolved Si. The occurrence of large amounts of 507 colloidal Fe and/or C that serve as efficient V carriers as assessed by the positive relationships 508 between DOC and V as well as Fe and V (Figs. 5 and 6), as has often been previously reported, is 509 likely to hide the fingerprint of the source-rock of V. Two studies by Dupré et al. (1999) and 510 Pokrovsky and Schott (2002) reached the same conclusion. In the first case, these authors 511 observed that V content and DOC decrease during successive filtrations through decreasing pore 512 size membranes, whereas in the latter study, the dissolved V was found to be essentially 513 associated with the Fe colloids, as their concentrations sharply decrease with decreasing pore 514 size. The presence of high amounts of colloidal Fe or C in these rivers, which serve as a V 515 carrier, is thus likely to hide the different silicate sources. 516 517 4.2.2 Influence of the colloid type in the transport of vanadium 518 519 Since the source rocks do not reflect the major control of dissolved V speciation and 520 considering that it is now widely admitted that colloids are major V carriers playing a significant 521 role in both the transport and cycling of V in natural waters, the question becomes which is the 522 prevailing nature of the colloidal carriers of V. The above discussion, with regards to the role 523 played by the source-rocks, showed a different behaviour to that proposed by Elbaz-Poulichet et 524 al. (1997) for the silica-rich colloids, except for very specific cases. 525 On one side, the observed time-linked variations showed that the onset of V in solution at 526 the end of January and following the decline of redox potential (Fig. 2b ) occurred concomitantly 527 with the increase of DOC, Mn and Fe concentrations (Figs. 2 and 3) . Nevertheless, it is not 528 possible to assess which of the metallic or organic phases could be the most efficient V carrier. 529
On the other side, when considering the space-linked variations, the increase of V concentrations 530 from upland (P11) to hillslope (F5-F7), as seen in the DOC concentrations, were observed, 531 thereby suggesting that V might be carried by C-rich phases, as also found in other studies 532 (Wehrli and Stumm, 1989; Dupré et al., 1999; Tyler, 2004; Audry et al., 2006) . This feature has 533 already been observed for REE whose speciation is considered as being mostly organic (Gruau et 534 al., 2004; Pourret et al., 2007b) . Indeed, the largest V concentrations are observed for wetland 535 well F14, reaching up to 12.2 mg L -1 (Table 3) Further information can be obtained from ultrafiltration data on hillslope and wetland 544 samples as has been done in a previous study (Pourret et al., 2007b) . The ascending hierarchical 545 classification displayed in Figure 3 reveals -beyond the first evidence that V is mostly borne by 546 the colloidal pool since its concentrations decrease following decreasing pore size cut-off -that 547
the hillslope groundwater sample F7 shows a double control of V distribution by large-size (0.2 548 m and 30 kDa) Fe-rich colloids, as reported by Pédrot et al. (2009) . A continuous control by a 549 mixed DOC/Al-rich phase is also simultaneously seen, irrespective of the size of the concerned 550 colloidal pool (Fig. 5) . This control by the mixed DOC/Al-rich phase has been also already 551 shown elsewhere, but in a similar context by Pourret et al. (2007b) , who showed that 552 concentrations of both dissolved V and Th were mostly controlled by mixed DOC/Al-rich 553 phases, regardless of the filtration membrane cut-off. In the hillslope case, V is therefore carried 554 on one side by the large-size (> 30 kDa) Fe oxide colloidal phase and mixed DOC/Al-rich phases 555 ( Fig. 5) . 556
Although large-size Fe colloids are also involved in V dissolved carriage, the coupled 557 observation of Fig. 3 and Fig. 5 led to the assumption that the major colloidal control for 558 maintaining V in dissolved phase has to be mixed DOC/Al phases since V distribution appears 559 closer to those of DOC and Al than to that of Fe (Fig. 3) . Additionally, the V versus DOC and Al 560 distribution (Fig. 5 ) displays a positive relationship, regardless of the size cut-off, whereas Fe is 561 not carried by DOC-rich low-molecular weight colloids still carrying V. This has to be compared 562 to previous studies such as the one carried out by Pokrovsky et al. (2006) , who observed that V 563 did not exhibit any clear correlation with dissolved Fe or DOC in the < 0.2 m fraction. By 564 contrast, ultrafiltration performed on peat solution showed that Al played an important role as a 565 colloidal carrier of V (Pokrovsky et al., 2005) . In another context, field-flow fractionation 566 performed on freshwaters showed that V was strongly associated to iron-rich colloids (Stolpe et 567 al., 2005) . 568
Another interesting point is that the observed V concentrations are also much higher than 569 those reported for average world rivers (Johannesson et al., 2000) (Fig. 7) suggesting that the 570 involved mixed DOC/Al colloidal carriers of V emphasize the level of dissolved V in such 571 organic-rich environments, possibly, as proposed by Wehrli and Stumm (1989), as complexes 572 with humic substances (HS) (Tyler, 2004) in which Al, V and HS are intimately associated. This 573 has to be related to the fact that VO 2+ is commonly considered as an exceptionally stable 574 diatomic ion (Greenwood and Earnshaw, 1997) , which forms strong complexes with soluble 575 organic compounds (Aström and Corin, 2000). Such speciation information must also be linked 576 with the sequential extraction experiments conducted on soil samples such as those of Poledniok 577 and Buhl (2003) showing that V is mainly contained in the organic fractions. 578
The observation of Figure 6 , corresponding to the sample recovered in the wetland (F14), 579 led to a slightly different result, although characterized by an important combined Al/DOC 580 control on the V distribution. In this case, the Fe distribution follows that of V throughout the 581 pore size cuts, which was not the case for the hillslope sample (F7) which displayed a drastic fall 582 between 0.2 m and 30 kDa, pointing out a non-exclusively organic speciation. Ultrafiltration 583 data on the wetland sample (F14) point out a triple control of mixed Fe/Al/C-rich carrier phases 584 of V, which may correspond to nano-colloidal Fe oxides embedded within Al-enriched humic 585 substances, as elsewhere evidenced in wetlands and experimentally shown to be a significant 586 source of bioavailable Fe (Pédrot et al., 2011) . Such colloid-mediated organically complexed V 587 is probably transported by humic substances from the source areas located in the humus-rich 588 uppermost horizons. 589 Therefore, V speciation changes between the hillslope and the wetland, as assessed from 590 the ultrafiltration data, agree with modelling calculations. Vanadium carriage moves from (i) the 591 hillslope with a shared contribution of Fe nanooxide and organic colloids vector towards (ii) the 592 wetland with a whole organic pool in which V, Fe and Al are complexed and embedded in 593 organic matrices. This is also often pointed out for other trace metals elsewhere in wetlands (e.g., 594 Gruau et al., 2004) , whose interaction with mineral colloids is hampered by the negative charge 595 of organic matter (i.e., Wilkinson et al., 1997) , which is ubiquitous in such waterlogged 596 environments. 597 598
Conclusions 599 600
Combining an ultrafiltration fractionation approach and modelling conducted on shallow 601 groundwaters allowed the assessment of the main factors that control V speciation. Additionally, 602 it can be concluded that the water samples can be divided into two groups in terms of their 603 location along the hillslope and their associated DOC content, which are positively related to 604 their V content (organic-rich waters recovered in wetland display the largest V concentrations). 605
Moreover, time variations of V concentrations were also seen in wetland samples with a marked 606 increase of V content at the winter-spring transition along with DOC, Fe and Mn content 607 variations, as well as redox potential changes. In this context, the source rock was shown to play 608 a minor role in V distribution, whereas the colloidal pool was shown to be the main factor 609 controlling V speciation and its distribution in shallow groundwaters. Ascendant hierarchical 610 classification showed that V was associated to DOC, Fe, Al, Pb, Cu, REE, U and Th, which are 611 elements known to exhibit colloidal affinity. Speciation modelling using Model VI and SCAMP 612 as well as ultrafiltration data evidenced a slight change in the V speciation occurring along the 613 transect with a mixed organic-inorganic speciation in the hillslope and an organic speciation of V 614 in the wetland probably involving Fe nanooxides embedded in Al-rich organic colloids. The 615 binding of V in this organic environment most likely occurs through the C-rich ligand end-616 member, which is in agreement with the behaviour of V in shallow groundwater. 617
Although the role of organic matter is clearly assessed as controlling the dissolved V 618
fraction, it appears challenging to accurately determine the real contribution of the inorganic and 619 organic colloidal pool because the oxides are generally intimately bound to the organic matter, 620 especially in the case of organic-rich wetland soil solutions. Further study should be dedicated to 621 clarifying this partition, notably to address the prevailing processes affecting V transport at the 622 global scale. 623 624 Acknowledgements 625
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